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Abstract
The sex determination master switch, Sex-lethal, has been shown to regulate the mitosis of early germ cells in Drosophila melanogaster.
Sex-lethal is an RNA binding protein that regulates splicing and translation of specific targets in the soma, but the germline targets are
unknown. In an experiment aimed at identifying targets of Sex-lethal in early germ cells, the RNA encoded by gutfeeling, the Drosophila
homolog of Ornithine Decarboxylase Antizyme, was isolated. gutfeeling interacts genetically with Sex-lethal. It is not only a target of
Sex-lethal, but also appears to regulate the nuclear entry and overall levels of Sex-lethal in early germ cells. This regulation of Sex-lethal
by gutfeeling appears to occur downstream of the Hedgehog signal. We also show that Hedgehog, Gutfeeling, and Sex-lethal function to
regulate Cyclin B, providing a link between Sex-lethal and mitosis.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The Drosophila sex determination master switch, Sex-
lethal (Sxl), is an RNA binding protein that specifies female
development by functioning as a splicing and translational
regulator. Activation of Sxl relies on a counting mechanism
that measures the ratio of X chromosomes to sets of auto-
somes (X:A ratio; Cline, 1984; Sanchez and No¨thiger,
1983). When this ratio is 1, as in females, the establishment
promoter of Sxl is activated (Keyes et al., 1992). This leads
to expression of Sxl and sets in motion an autoregulatory
splicing feedback loop that maintains the activated state
(Bell et al., 1991). The male X:A ratio of 0.5 does not
activate the establishment promoter, and Sxl protein is not
expressed (Keyes et al., 1992). Default splicing of Sxl tran-
scripts keeps the gene off (reviewed in Cline and Meyer,
1996).
As the master switch, Sxl regulates sexual differenti-
ation as well as dosage compensation. In sexual differ-
entiation, Sxl generates the female-specific splice vari-
ant of transformer (tra) RNA, resulting in production
of Tra protein and female differentiation (Boggs et
al., 1987; McKeown et al., 1987). The dosage com-
pensation pathway, which promotes the two-fold in-
crease of transcription from the single male X chromo-
some (Lucchesi, 1978), is regulated by inhibiting the
production of Male-specific lethal-2 (Msl-2) protein in
females. This is accomplished by splicing and transla-
tion control (Bashaw and Baker, 1997; Kelley et al.,
1997). Production of Msl-2 in females causes hypertran-
scription of the two female X chromosomes and is lethal
(reviewed in Pannuti and Lucchesi, 2000; Park and Ku-
roda, 2001).
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While much is known about Sxl in the soma, its function
in the germline is less clear. Sxl is necessary for female
germ cell development regulating mitosis (Schu¨pbach,
1985) and the female-specific function of recombination
(Bopp et al., 1999). The targets and mechanism by which
Sxl controls these processes are not known.
Mitotic germ cells reside in the germarium, which is the
anteriormost structure of the ovariole. Each of the 14-16
ovarioles of the ovary contains 2-3 stem cells, which divide
to produce a cystoblast and another stem cell. Cystoblasts
undergo 4 synchronous mitotic divisions with incomplete
cytokinesis to form an interconnected 16-cell cyst. One of
these 16 cystocytes becomes the oocyte, and the remaining
15 become nurse cells. This occurs as the 16-cell cyst
progresses down the germarium (Fig. 1A). Toward the pos-
terior of the germarium cells of somatic origin, the follicle
cells, surround each cyst. This encapsulation is followed by
the cyst pinching off from the germarium to produce an egg
chamber. The egg chamber moves down the ovariole as it
matures into an egg (Spradling et al., 1997).
Given the requirement of Sxl in the germline, we at-
tempted to identify its RNA targets by immunoprecipitation
of the protein. To enrich for early germ cells, where Sxl
impacts mitosis (Schu¨tt et al., 1998), we took advantage of
specific female sterile alleles (the Sxl fs alleles) which arrest
ovarian development at this stage. In these cells, Sxl protein
is expressed at high levels and localized primarily in the
cytoplasm as seen in the stem cells and cystoblasts (Bopp et
al., 1993; Fig. 1B). The mutant Sxl protein fails to undergo
the dramatic downregulation that normally occurs as the
germ cells mature.
One of the RNA molecules identified in the immunopre-
cipitations is encoded by the gutfeeling (guf) gene, the
Drosophila ornithine decarboxylase (ODC) antizyme ho-
molog (Salzberg et al., 1996). Antizyme acts negatively on
ODC, the rate-limiting enzyme in the synthesis of poly-
amines (Coffino, 2001; Murakami et al., 1992). Here we
show that guf interacts genetically with Sxl and that Guf
regulates the levels and intracellular distribution of Sxl and
Cyclin B. In these latter effects, our data suggest that Guf
acts downstream of the Hedgehog (Hh) signaling pathway.
Materials and methods
Fly stocks
hs-hhM11 (heat shock-hh; synonym hhhsP1) is a con-
struct of the full-length coding sequence of hh under the
hsp70 promoter (Ingham, 1993). Sxl f4, snf 1621, Su(fu)LP
(Suppressor of fused; a gift from D. Kalderon), and cycB3 (a
kind gift from C.F. Lehner) are described in FlyBase (http://
flybase.bio.indiana.edu). Oregon R was the wild-type con-
trol.
Heat-shock regimes
Homozygous hs-hhM11, hs-hhM11/guf 118-3, hs-hhM11/
guf 118-3; hs-gufT, hs-hhM11/guf 118-3; hs-SmD3, hs-
hhM11/guf 118-3; SmD3 and homozygous hs-gufT flies
were heat shocked in a 37°C water bath for 1 h every 12 h
for 3 days. Their ovaries were treated with leptomycin B
(LMB) as described below or dissected within 2 h of the
final heat shock.
Generation of germline clones
Germline clones were generated by using the FLP-FRT
mitotic recombination system (Chou and Perrimon, 1992).
Recombination was induced in second and third instar larvae
or 3- to 4-day-old females with a 1-h heat shock at 37°C to
induce hs-flp. guf lex47 homozygous clones were generated in
the presence of the SmD3 genomic transgene (on a different
chromosome) to assay loss of guf only. The clones were
marked by loss of armadillo (arm)-lacZ in the genotype
hsp70-flp; FRT42B arm-lacZ/FRT42B guf lex47; SMD3.
Fig. 1. Sxl expression in wild type germarium. Germaria are positioned with anterior to the left and posterior to the right. (A) Drawing of EM section through
the germarium, modified from Bopp et al. (1993). Abbreviations: terminal filament (tf), stem cells (s), cystoblast (cb), 2-cell cyst (2c), 16-cell cyst (16c),
follicle cells (fc). (B) Germarium stained for Sxl. Sxl is strongly cytoplasmic in early germ cells. The protein is downregulated, and this phase is followed
by germ cells with low cytoplasmic levels and nuclear foci (arrow). Note that somatic follicle cells encapsulate the 16-cell cysts toward the base of the
germarium, and these are also positive for the protein.
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guf and SmD3 transgenes
To generate the hs-guf transgene, a guf cDNA (nucleo-
tides 22-1253 in the sequence published by Ivanov et al.,
1998) was cloned into the EcoRI site of the pCasper-hs
vector (Pirrotta, 1988). The mutated form (hs-gufT) in
which Guf is translated from a single ORF (open reading
frame), without ribosomal frameshifting, was generated by
deleting the T in the frame-shift site. This was done by using
the Chameleon Double-Stranded Site-Directed Mutagenesis
Kit (Stratagene) with the mutagenic primer: 5-GGA-
CAGGGACATCAGGCCACCACAGAGGCCC-3.
The hs-SmD3 transgene used an SmD3 cDNA excised
from EST LD15434 (Genome Systems, Inc.) with EcoRI
and XhoI and cloned into the pCasper-hs vector between the
EcoRI and XbaI sites. The genomic SmD3 transgene was
constructed by cloning a 6-kb PstI genomic fragment that
spans the SmD3 gene into the pCasper4 vector (Pirrotta,
1988).
RNA immunoprecipitation assay (RIP assay)
Immunoprecipitation of Sxl was performed as in Vied
and Horabin (2001), except that 300 pairs of Sxl f4 ovaries
were dissected to generate the extract. The immunoprecipi-
tation buffer was 20 mM Hepes, 150 mM NaCl, 5 mM
Fig. 2. Sxl binds to spliced and unspliced guf RNA. (A) Four types of guf cDNAs (CT41663, CT41667, CT41665, CT37253; Rubin et al., 2000) are known,
each with a different 5 exon containing the translation start site (except for the second 5 exon, which has none) that is spliced to the last 2 common exons.
Stars indicate putative Sxl binding sites of 6 or more consecutive Us. The arrow and arrowheads below the exons indicate the RT-PCR primers in (C). The
gufRT primer is shown as an arrow; the left and right arrowheads, the guf5 and guf3 primers, respectively. (B) Polypyrimidine tracts of the 3 splice sites
of known Sx1 targets, msl-2, tra, and Sxl, compared with the first common exon of guf. The PolyU runs (Sxl binding sites) are underlined, and arrowheads
designate the splice junction. (C) Immunoprecipitation of Sxl followed by RT-PCR with guf-specific primers. Pairs of ovaries dissected to generate the
extracts were 25, 40, 40, 60, and 25 for lanes 1-5, respectively. Western blots suggest that 25 pairs of OreR ovaries have comparable levels of Sxl protein
to 40 pairs of Sxl f4 ovaries. Lane 1 is an RT-PCR without reverse transcriptase and shows that the product containing introns is not from genomic DNA
contamination. Lane 4 contains extract from 60 pairs of Sxl f4 ovaries to better visualize the PCR products. The splice products as predicted by size are shown
on the right. The size of the “partially spliced” product is consistent with removal of the last intron that does not contain any putative Sxl binding sites. Lane
6 shows that IP of Sxl from 2- to 6-h embryos also brings down guf RNA; lane 7 is an RT-PCR of guf RNA from OreR ovaries.
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Mg(OAc)2, 250 mM Sucrose, 0.05% NP40, plus protease
inhibitors. Immunoprecipitations were washed four times
with immunoprecipitation buffer supplemented with 300
mM NaCl. RNA that immunoprecipitated with Sxl was
extracted with phenol and ethanol precipitated with glyco-
gen as carrier. The RNA was incubated with oligo d(T)
beads according to manufacturer’s specifications (Dynal),
washed two times with reverse transcriptase (RT) buffer,
and reverse transcribed with SuperscriptII (GibcoBRL) ac-
cording to manufacturer’s specifications. After 1.5 h, the
mix was incubated at 65°C for 15 min, then washed two
times with T4 DNA polymerase buffer. The RNA–cDNA
hybrid was incubated with T4 DNA polymerase for 1 h at
16°C to remove unbound oligo d(T) on the beads and then
incubated at 70°C for 15 min. RNaseH and alkaline hydro-
lysis were used to remove the RNA from the cDNAs on the
beads. The beads were washed three times with water and
twice with T4 RNA ligase buffer. Phosphorylated primer
(5-CTCCGGCTGCTCCAGTGGCTTC-3) was ligated to
the end of the cDNAs with T4 RNA ligase. The second
cDNA strand was synthesized with a T primer (400 ng)
containing 15 Ts plus a unique sequence, 5-TTGCATT-
GACGTCGACTATCCAGGTTTTTTTTTTTTTTT-3 by
using the standard PCR mixture of Klentaq/Pfu polymerases
(described in RT-PCR section below) with one cycle of 30,
40, and 72°C each for 15 min. After second-strand cDNA
synthesis, beads were washed two times with PCR buffer.
PCR was then performed with a primer that is the reverse
complement of the ligated primer above (200 ng), an L
primer (200 ng, 5-TTGCATTGACGTCGACTATC-
CAGG-3), which is identical to the unique sequence in the
T primer, and 10 ng of the T primer (portions of protocol
plus T and L primers adapted from Lambert and William-
son, 1993). After PCR amplification, the DNAs were cloned
into a pGEM cloning kit vector (Promega). The clones were
sequenced by using sequenase (USB) according to manu-
facturer’s specifications.
Sxl immunoprecipitation: guf RT-PCR analysis
Immunoprecipitation of Sxl was performed as in Vied
and Horabin (2001). The number of ovaries used is de-
scribed in the legend to Fig. 2. RNA was extracted from the
immunoprecipitation by using phenol as in Bopp et al.
(1993). RT was performed as described above. The RT
primer was gufRT 5-AGTAGTAGTTCTCGTTGTCG-3
located in the 3 common exon. PCR primers were guf5,
5-GCCATCAGTTTGTTAGCAGC-3 located in the first
exon of guf cDNA CT37253, and guf3, 5-CTTCGGTAG-
GCGACATACA-3 located in the 3 common exon. Two
rounds of cycle 1—95°C for 1 min, 53°C for 45 s, and 67°C
for 2 min—were performed with 40% of the RT mixture
and 200 ng of guf5. Thirty-three rounds of cycle 2—95°C
for 1 min, 58°C for 20 s, and 67°C for 2 min—were then
performed after supplementing with 200 ng of the guf3
primer. A mixture of Pfu DNA polymerase (Stratagene) and
Klentaq1 (Ab Peptides) was used (Barnes, 1994). The PCR
fragments were run on a 1% agarose gel.
Whole-mount antibody staining
Ovaries were fixed and stained as in Bopp et al. (1993).
Antibodies were used at the following concentrations:
monoclonal anti-Sxl (ascites, P. Schedl), 1:500; polyclonal
anti-Sxl, 1:250; anti--tubulin (Sigma) at 1:1000; and anti-
Cyclin B (Developmental Studies Hybridoma Bank; P.H.
O’Farrell), 1:5. Alexa 594- and 488-conjugated secondary
antibodies (Molecular Probes) were used at 1:500. Ovaries
were mounted in aquaPolyMount (Polysciences).
RNA in situ hybridization
Digoxigenin-labeled RNA probes were prepared as de-
scribed in the RNA labeling and detection kit from Boehr-
inger Mannheim. In situ hybridization to whole-mount ova-
ries was performed as in Tautz and Pfeifle (1989) with
modifications specific to ovaries as described by Suter and
Steward (1991). Sequences in the common 3 exon of guf
were used to synthesize both the sense and antisense probes.
Spermidine and leptomycin B treatment
Ovaries were rocked at room temperature for 3 h in 10
mM spermidine or 5 ng/ml LMB in DS2 medium (Media-
tech) and then fixed and stained as above.
Results
A germline target of Sxl
Sxl protein was immunoprecipitated from ovarian ex-
tracts from a female sterile that has primarily early germ
cells (Sxl f4). One RNA which coimmunoprecipitated with
Sxl (RIP assay; Materials and Methods), matched the se-
quence of the 3 end of a known gene, guf (Salzberg et al.,
1996), the Drosophila homolog of ODC Antizyme. ODC
catalyzes the first step and is the rate limiting enzyme in
polyamine synthesis. Antizyme negatively regulates ODC
catalytically as well by directing the inactivated enzyme to
the proteasome for degradation (Li and Coffino, 1993; Mu-
rakami et al., 1992, 1999). This negative regulation of ODC
is part of a feedback loop that controls the levels of poly-
amines within the cell (Ivanov et al., 1998). Translation of
Antizyme is dependent on ribosomal frameshifting, which
is promoted by high levels of polyamines (Matsufuji et al.,
1995). As polyamine levels in the cell rise, more Antizyme
is synthesized, leading to the turnover of ODC (reviewed in
Coffino, 2001). Polyamines have been implicated in many
processes, including cell growth, transcription, and differ-
entiation (Pegg, 1988).
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The Drosophila guf locus appears to have four promoters
as four different cDNAs are generated (FlyBase; Fig. 2A).
Each cDNA has a different 5 exon with the translation start
site (except for the second 5 exon, which does not contain
a start codon) which is spliced to two common exons, the
first of which contains the translation frameshifting site
Fig. 3. Halving guf dose rescues Sxl fs sterility. (A) Sxl f4/Sxl f1 ovariole stained for Sxl. (B) Sxl f4/Sxl f1; guf 118-3/ ovariole stained for Sxl demonstrating
rescue of the Sxl f4 sterile phenotype (full genotype abbreviated in this and all panels for space reasons). Egg chambers pinch off from the germarium, and
the females lay eggs. (C, D) In situ hybridization of guf antisense RNA in OreR germarium and egg chambers. Early germ cells show very low levels of guf
RNA (arrow). (E) guf sense RNA probe to Sxl f4 ovariole as a negative control for in situ. (F) guf antisense RNA probe in Sxl f4 ovariole showing high
expression in all germ cells. (C) and (F) were processed in the same tube, so the difference in signal reflects a real difference between the two (tf, terminal
filament). (G–I) In situ with guf antisense probe to Sxl f5/Sxl f1 ovariole (G), Sxl f5/Sxl f1; guf 118-3/ ovariole (H), and snf 1621 ovariole (I). Note that the
reduction of guf dose by half in a Sxl f5/Sxl f1 background reestablishes the expression of guf RNA to almost wild-type (compare C with G and H). (A) and
(B) were taken with a 40 objective, the rest with a 63 objective. (D) was reduced to fit page width.
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(Ivanov et al., 1998). Interestingly, the polypyrimidine tract
at the 3 splice site of the first common exon has a run of
eight Uridines (U). This is a feature found in all established
Sxl targets: msl-2, tra, and Sxl (Fig. 2B). Additionally, guf
has several long polyU tracts in the introns of all its tran-
scripts (see Fig. 2A). For splicing regulation in vivo, Sxl
shows a requirement of at least seven Us at its binding site,
while runs of six Us give compromised regulation (Sos-
nowski et al., 1994). In vitro, shortening of target polyU
tracts below six severely decreases the affinity of Sxl pro-
tein for its RNA (Samuels et al., 1994; Sosnowski et al.,
1994; Wang and Bell, 1994).
Only short, six nucleotide-long, polyU runs exist in the
mature guf message—in the 3 UTR. This raised the ques-
tion of whether Sxl regulates guf primarily through splicing
or translation control. To address this, Sxl was immunopre-
cipitated from extracts of both wild-type and Sxl f4 ovaries,
and the RNA in the immunoprecipitates was examined by
RT-PCR with guf-specific primers. The primers span the
two introns of the smallest guf transcript (Fig. 2A), so the
size of the PCR products allows us to distinguish between
spliced and unspliced forms of guf RNA.
Both forms of guf RNA were readily detected although
the yield of mature RNA was greater than the precursor
transcript in both wild-type and Sxl f4 ovaries (Fig. 2C). The
overall yield from wild-type ovaries was lower for both
products, but since the immunoprecipitations and RT-PCRs
are not quantitative, this comparison is only speculative. To
determine whether Sxl also binds guf RNA in somatic
tissues, we performed the immunoprecipitation and RT-
PCR using embryonic extracts. Sxl also binds to spliced
and unspliced guf RNA in embryos (ratio of spliced to
unspliced is approximately equal; Fig. 2C). These data sug-
gest that Sxl may regulate both the splicing and translation
of guf.
As Sxl binds to guf RNA in both the soma and germline,
we performed RT-PCR amplifications for the four guf tran-
scripts to determine whether any sex-specific products could
be detected. guf RNA was analyzed from males and females
(whole animals and carcasses) as well as testes and ovaries.
For all cDNA types, no significant difference between the
sexes was observed (data not shown). From these data, we
conclude that Sxl does not regulate the alternative splicing
of guf RNA in a global manner. Given the general require-
Fig. 4. Guf acts downstream of Hh to regulate Sxl. Germaria are stained for Sxl and positioned with anterior to the left. (A) Heat shocked hs-gufT/hs-gufT
results in fewer early germ cells that express Sxl and the levels are lower. (B) Spermidine treatment and (C) overexpression of Hh has the same effect as
hs-gufT. (D) guf 118-3/ stained with Sxl for comparison with (E). (E) Reducing guf dose with guf 118-3 counteracts the effect of Hh overexpression. (F)
The effect of hs-hhM11; guf 118-3 on Sxl is reversed by increasing the expression of Guf but not SmD3 (G). All images were taken with a 63 objective.
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ment for guf, splicing regulation of guf RNA by Sxl may be
restricted to only a subset of cells, such as the early germ
cells, making detection of altered transcripts unlikely. As
there are no apparent alternative exons within guf, it is also
possible that Sxl causes a retention of the introns leading to
the degradation of the RNA. Alternatively, the regulation by
Sxl may occur primarily at the level of translation control.
guf rescues Sxl female steriles
While the RNA binding data suggest that guf is a target
of Sxl, a genetic interaction between the two genes would
strengthen the idea that the two genes have a related func-
tion. We therefore reduced the dose of guf in homozygous
Sxl f4 females, which normally have small ovaries of tumor-
ous egg chambers. This was done by using a P-element
insertion allele (guf 118-3) or a small deletion allele pro-
duced by the imprecise excision of the guf 118-3 P-element
(guf lex47; Salzberg et al., 1996). Reducing guf dose in a
homozygous Sxl f4 background rescues the Sxl f4 phenotype
(Fig. 3A and B). The females lay eggs which hatch and
produce adults.
To be certain that reduction in guf was rescuing sterility
by interacting with the Sxl f4 mutation rather than an unre-
lated mutation on the Sxl f4 chromosome, the experiment
was repeated with a transheterozygous combination of Sxl f4
over a Sxl null (Sxl f1). Sxl f4/Sxl f1 females carrying one
copy of the guf 118-3 mutation were also fertile and showed
a more normal ovarian morphology than Sxl f4 homozy-
gotes. Egg laying measured over a 24-h period indicates that
Sxl f4/Sxl f1 females do not lay eggs, while the Sxl f4/Sxl f1;
guf 118-3/ females lay at a rate 39% relative to their wild-
type, Sxl f1/FM7; guf 118-3/ siblings (10 vs 25 eggs/
female, respectively). We also tested Sxl f5 another of the
Sxl fs alleles. Sxl f5/Sxl f1 females with one copy of guf 118-3
showed significant rescue of the ovarian phenotype. Egg
laying was very low, however, and only 2 eggs/female
were laid over a 72-h period. In all cases, the non-guf 118-3
siblings remained sterile and exhibited the Sxl f5 tumorous
ovary phenotype.
Since the original description of guf, an additional
gene, SmD3, was found in the intron of guf (Ivanov et al.,
1998). SmD3 encodes a snRNP (small nuclear ribonucleo
protein) common to splicing snRNPs and is transcribed in
the opposite direction to guf. More relevant to the exist-
ing guf alleles is that the P-element insertions that un-
cover guf are likely to be affecting both genes. The
P-elements are inserted in the 5 UTR of SmD3, and guf
deletion alleles derived from their imprecise excision
affect the coding sequences of both genes. Additionally,
it was recently suggested that the reported phenotype of
guf (Salzberg et al., 1996), as caused by transposon
insertions, is primarily due to the alteration of SmD3
(Schenkel et al., 2002). As Sxl is a splicing regulator, we
were unsure whether the effects on Sxl fs females were a
result of reducing guf or SmD3 or both.
To determine which gene was responsible for the Sxl fs
rescue, a transgene of the guf cDNA under the control of a
heat shock promoter (hs-gufT), a genomic fragment of
SmD3 (larger than in Schenkel et al. (2002), which included
all of SmD3; see Materials and methods), or an SmD3
cDNA, also under the control of a heat shock promoter, was
separately introduced into the Sxl f4/Sxl f4, guf 118-3/ back-
ground. The hs-gufT transgene is mutated so that guf does
not require frameshifting for translation. Reintroducing guf
into the Sxl f4/Sxl f4; guf 118-3/ background reverted the
females to sterility, while the SmD3 genomic transgene and
the hs-SmD3 construct had no effect. These data indicate
that the rescue is a result of an interaction of Sxl with guf
and not with SmD3. It also indicates that, in the germline,
the guf 118-3 allele does affect guf expression.
As reducing the dose of guf allows differentiation of Sxl
mutant germ cells, the data suggest that Sxl normally func-
tions as a negative regulator of guf. Presumably, the mutant
Sxl proteins are unable to properly regulate the splicing
and/or translation of guf RNA.
Sxl negatively regulates guf RNA in early germ cells
If Sxl is a negative regulator of guf, we reasoned that we
might detect a correlation between the expression of guf
RNA and Sxl protein. RNA in situ hybridizations using guf
sequences as a probe on wild-type ovaries show that the
expression of guf is dynamic and changes considerably as
the germ cells mature (Fig. 3C). Early germ cells have very
low levels of guf RNA, but further down the germarium, the
levels increase. guf RNA is also detected in the follicle cells
of the germarium. In stage 2 egg chambers (the first cham-
ber past the germarium), expression decreases to very low
levels in both the follicle and germ cells. After stage 2, guf
RNA is expressed in the germ cells but is essentially unde-
tectable in the follicle cells. As vitellogenesis begins, the
levels in germ cells drop again and guf RNA is detected
primarily in the oocyte (Fig. 3D). After this stage, high
levels are seen in the nurse cells and oocyte, while follicle
cell expression remains very low.
The cells in the germarium that show very low levels of
guf RNA are the early germ cells, which also express high
levels of cytoplasmic Sxl. guf RNA levels begin to increase
in the region of the germarium where Sxl is downregulated,
suggesting that Sxl might act negatively on guf. By contrast,
in Sxl f4 ovaries, we find that guf RNA levels are high
throughout, including the germ cells immediately below the
terminal filament (Fig. 3F). An increase in guf RNA is also
seen in Sxl f5 ovaries (Fig. 3G). These observations support
the hypothesis that, normally, Sxl downregulates guf ex-
pression and suggest that the mutant Sxl fs proteins are
inefficient at this function. Consistent with the observation
that decreasing the dose of guf partially rescues the Sxl fs
female sterile phenotype, we see wild-type levels of guf
RNA in the germ cells of Sxl f5/Sxl f1; guf 118-3/ ovaries
(Fig. 3H).
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To further test whether there is a negative correlation
between Sxl and the level of guf RNA, we examined a
mutant background that has little to no Sxl protein in germ
cells. snf 1621 is a female sterile with a tumorous ovarian
phenotype similar to the Sxl fs alleles. Snf is a general
splicing factor necessary for the female-specific splicing of
Sxl transcripts during most stages of development, including
the early germ cells. We found high levels of guf RNA in
snf 1621 ovaries at the apical end of the germarium near the
terminal filament (Fig. 3I). Further down, guf RNA was no
longer detected, but this region of the germarium was also
abnormal. Unlike the Sxl fs mutations, reducing the dose of
guf did not rescue the snf phenotype (data not shown). As
Sxl may regulate genes other than guf, this result is not
entirely unexpected. Sxl is almost completely absent in the
germ cells of snf ovaries (Bopp et al., 1993; see also Fig.
7A), a much more severe condition than the Sxl fs back-
grounds where Sxl protein is present.
The strong signal for guf RNA at the apical end of the
germarium in both snf 1621 and Sxl fs ovaries suggests that
wild-type Sxl is needed in early germ cells to keep the levels
of guf RNA low.
guf is required for germ cell viability
To determine whether guf has a function in female germ
cell development, we generated germ cell clones that were
homozygous mutant for guf. Clones were induced by using
the FLP/FRT mitotic recombination system (Chou and Per-
rimon, 1992) in a background that had the SmD3 genomic
transgene, to preclude effects of this gene.
When induced during the larval stage, clones of germ
cells mutant for guf were not recovered in adult ovaries,
suggesting a requirement for guf in the early stages of germ
cell development. When induced in adults, we observed that
germ cell clones did not develop beyond stage 2 egg cham-
bers. Within 7 days of induction, many guf mutant cysts
were observed in the germarium, and these showed no
obvious defects, including their expression of Sxl (data not
shown). [Note that vertebrate Antizyme has a short half-life
of less than 1 h (Mitchell et al., 1998) so it is likely that Guf
will have turned over in the mutant clones.] However, 14
days after induction, no guf mutant cysts were detected in
germaria, but multiple degenerating egg chambers that had
been pinched off were observed. These data suggest that, in
the adult ovary, guf is not required in the early stages of
germ cell development but in the cysts past the germarium,
and that guf is needed either for the survival or the preven-
tion of differentiation of germline stem cells. As guf mutant
germ cells show near normal Sxl expression, the data indi-
cate that loss of guf does not have a major effect on Sxl
expression in the early dividing germ cells. The proposal
above that Sxl maintains guf at low levels in region 1 of the
germarium is consistent with this view.
Overexpression of Guf decreases cytoplasmic Sxl in early
germ cells
Germ cells mutant for guf appear to develop through the
germarium normally. We therefore tested whether ectopic
expression of guf would affect early germ cell development.
Overexpression of Guf caused a decrease in the levels of
cytoplasmic Sxl, resulting in fewer germ cells with high
levels of the protein under the terminal filament (Fig. 4A).
This effect requires efficient expression of Guf as it is only
observed when the frameshift-independent variant of guf,
the gufT construct, is used. This latter observation also
confirms that Guf translation requires frameshifting in vivo.
As a different means of increasing Guf levels, we treated
wild-type ovaries with polyamines (spermidine; see Mate-
rials and methods). Polyamines increase the translation of
endogenous guf RNA by increasing the rate of translational
frameshifting (Matsufuji et al., 1995). As was seen with the
gufT construct, spermidine caused a decrease in the num-
ber of early germ cells with high levels of cytoplasmic Sxl
(Fig. 4B). This effect was observed within 3 h, implying that
the change in Sxl is not caused by differentiation of the
germ cells. We cannot exclude the possibility that spermi-
dine affects Sxl by a Guf-independent mechanism. How-
ever, it is likely that an increase in Guf is involved given the
overexpression data above.
Guf appears to act downstream of Hedgehog to regulate Sxl
The effect of Guf overexpression on Sxl in early germ
cells strongly resembles the effect of overexpressing the
patterning gene, hh (Vied and Horabin, 2001). In the ovary,
Hh is expressed in the terminal filament and cap cells, the
somatic cells at the tip of the germarium. Hh regulates the
proliferation of the follicle cells of the ovary (Forbes et al.,
1996) and has minor effects on germ cell development
(King et al., 2001).
To test for an epistatic interaction between hh and guf,
we generated hs-hh; guf 118-3/ flies. Removing one copy
of guf counteracts the overexpression of Hh, and there is an
increase in the number of early germ cells with high levels
of cytoplasmic Sxl (Fig. 4C–E). As the guf 118-3 chromo-
some is also mutant for SmD3, we tested whether the re-
duction of guf or SmD3 was counteracting the hs-hh trans-
gene. Reintroducing SmD3 has no effect, whereas the hs-
gufT transgene reverses the effect of guf 118-3 on hs-hh
(Fig. 4F and G). Thus, the decrease in guf and not SmD3 is
responsible, suggesting that guf acts downstream of Hh.
Our previous data (Vied and Horabin, 2001) suggested
that Hh regulates not only the levels but also the nuclear
localization of Sxl in early germ cells. The coding sequence
of Sxl suggests a leucine-rich Nuclear Export Signal (NES).
We tested whether the Sxl NES is functional using LMB.
LMB prevents the nuclear export of proteins by binding to
exportin 1/CRM1, which binds directly to leucine-rich NES
sequences (Fasken et al., 2000). Wild-type ovaries treated
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with LMB show an increase in detectable nuclear Sxl (Fig.
5A–C). By contrast, early germ cells that have not been
treated with LMB show no distinct nuclear foci of Sxl (Fig.
1B). Note the ring of cytoplasmic Sxl in the early germ cells
in both wild-type and LMB-treated ovaries. Consistent with
Hh affecting Sxl nuclear entry, overexpression of Hh in the
presence of LMB significantly increases the amount of
nuclear Sxl. The ring of cytoplasmic protein in the early
germ cells is no longer distinct (Fig. 5D–F). Overexpression
of Guf in the presence of LMB has a similar effect (Fig. 5G–
I), and the effect of Guf is usually stronger than that of Hh.
To demonstrate that guf acts downstream of Hh in Sxl
nuclear entry, Hh was overexpressed in a background with a
reduced dose of guf (hs-hh; guf 118-3/) and the ovaries treated
with LMB. As was seen for the degradation of Sxl, removal of
one copy of guf counteracted Hh-regulated nuclear entry of
Sxl, and Sxl remained predominantly in the cytoplasm (Fig.
5J). This observation suggests that Guf functions downstream
of Hh in both nuclear entry and degradation, promoting the
release of cytoplasmic Sxl in early germ cells.
Besides Sxl, Hh affects other germ cell-specific pro-
cesses. Previously, we found that Hh overexpression de-
creases the -Spectrin staining of the fusome (Vied and
Horabin, 2001). -Spectrin is one of the proteins associated
with the fusome, a germline specific organelle that plays a
role in establishing the interconnected 16-cell cyst (re-
viewed in McKearin, 1997). Overexpression of Guf does
not appear to affect the fusome (data not shown). Addition-
ally, reducing the dose of guf does not reverse the effect of
Hh overexpression on the fusome. These data implicate guf
as a downstream effector of Hh, but only in regulating Sxl.
Cyclin B colocalizes with Sxl in early germ cells
In Drosophila, Cyclin B is not essential for viability but
is necessary for female fertility (Knoblich and Lehner,
Fig. 5. Overexpression of Guf or Hh in the presence of LMB localizes Sxl to the nucleus. All germaria were treated with LMB and stained for Sxl (green)
and, to highlight the cytoplasm, for -tubulin (red). (A–C) OreR germarium treated with LMB shows increased levels of nuclear Sxl in early germ cells, but
the majority of the protein remains in the cytoplasm. (D–F) Heat shocked hs-hhM11 germarium treated with LMB shows less Sxl in the cytoplasm and
proportionately more of Sxl in the nucleus relative to wild-type. (G–I) Heat shocked hs-gufT germarium treated with LMB also shows proportionately more
nuclear Sxl. (J) Heat shocked hs-hhM11; guf 118-3/ germarium treated with LMB shows a decrease in the amount of nuclear Sxl relative to hs-hhM11. All
images were taken with a 63 objective.
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1993; Jacobs et al., 1998). As Sxl has been shown to be
important for the mitosis of early germ cells, we looked for
a correlation between Sxl and Cyclin B. In early germ cells,
Cyclin B colocalizes with Sxl and is downregulated con-
comitantly with Sxl (Fig. 6A–C).
Since Sxl and Cyclin B colocalize in early germ cells, we
Fig. 6. Sxl and Cyclin B colocalize in early germ cells. All germaria are stained for Cyclin B (red) and Sxl (green) and positioned with anterior to the left.
(A–C) Sxl and Cyclin B localize to the cytoplasm of OreR early germ cells. They are downregulated in the same cells. (D–F) Overexpression of Hh causes
fewer early germ cells to express Cyclin B and Sxl; the levels of the proteins are lower in these cells. (G–J) Overexpression of Hh with LMB treatment
increases the levels of nuclear Cyclin B and Sxl in early germ cells. (K–M) Su(fu)LP/ Su(fu)LP ovaries treated with LMB also show increased levels of nuclear
Sxl and Cyclin B. (N–P) Overexpression of Guf produces the same effect on Cyclin B and Sxl as overexpression of Hh. (Q–S) Overexpression of Guf with
LMB treatment greatly increases the amount of nuclear Cyclin B and Sxl, and almost no cytoplasmic protein is detected. Note that in all panels (A–S) Sxl
and Cyclin B colocalize in the early germ cells. (T) Heat shocked hs-hhM11; guf 118-3/ germarium treated with LMB shows a decrease in the amount of
nuclear Cyclin B relative to hs-hhM11 (same germarium as Fig. 5J). All images were taken with a 63 objective.
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examined the effect of Hh on Cyclin B. Overexpression of
Hh resulted in fewer Cyclin B-expressing early germ cells,
as seen for Sxl (Fig. 6D–F). Furthermore, the germ cells that
express Cyclin B show reduced levels of the protein. This
similarity in response prompted us to test whether Hh also
regulates the nuclear entry of Cyclin B. Overexpression of
Hh and treatment with LMB results in higher levels of
nuclear Cyclin B than in wild-type early germ cells treated
with LMB only (Fig. 6G–J). This observation suggests that
Hh promotes the nuclear entry of Cyclin B.
To further study the effect of the Hh signaling pathway,
we examined an amorphic allele of a downstream compo-
nent of the pathway, Suppressor of fused [Su(fu)LP].
Su(fu)LP normally functions to inhibit the nuclear translo-
cation of Cubitus interruptus (Me´thot and Basler, 2000;
Wang et al., 2000), the patterning target of Hh. Much like
hs-hh, Su(fu)LP affected the rate of Sxl and Cyclin B nuclear
entry in early germ cells (Fig. 6K–M), supporting the idea
that the Hh pathway regulates this process.
As Guf appears to act downstream of Hh to regulate Sxl,
we examined whether Cyclin B would also respond to Guf.
Ectopic expression of Guf from the hs-gufT construct had
the same effect on Cyclin B as on Sxl. Fewer early germ
cells with cytoplasmic Cyclin B were observed, and Sxl and
Cyclin B continued to colocalize (Fig. 6N–P). LMB treat-
ment with Guf overexpression increased the nuclear levels
of Cyclin B (Fig. 6Q–S). As for Sxl, Cyclin B responded
more strongly to Guf than Hh.
To determine whether Guf also acts downstream of Hh in
affecting Cyclin B nuclear entry, we examined hs-hh;
guf 118-3/ ovaries treated with LMB. Under these condi-
tions, Cyclin B was predominantly cytoplasmic (Fig. 6T),
suggesting that Guf also functions downstream of Hh in the
regulation of Cyclin B.
Cyclin B expression is dependent on Sxl
In vertebrates, the intracellular localization of Cyclin B is
critical to its function. An NES within the cytoplasmic
retention signal (CRS) allows Cyclin B to rapidly shuttle out
of the nucleus. Phosphorylation of the CRS results in nu-
clear accumulation of Cyclin B and its associated Cyclin-
Dependent Kinase with which it initiates mitosis (reviewed
in Takizawa and Morgan, 2000). As Sxl and Cyclin B
appear to undergo similar changes in response to Hh and
Guf, we tested whether Cyclin B is affected by changes in
Sxl.
snf (snf 1621) mutant ovaries, which express little to no
Sxl in their germ cells, also have no detectable Cyclin B in
most of their germ cells (Fig. 7A–C). By -Spectrin stain-
ing, these cells contain a fusome and are predominantly at
an early stage, when Cyclin B is normally expressed. These
data indicate that, in the absence of Sxl, Cyclin B is either
not produced or is unstable.
We also examined Cyclin B in ovaries with mutant Sxl
protein. Like Sxl, Cyclin B is localized to the cytoplasm
of Sxl f4 germ cells. Treatment of Sxl f4 ovaries with LMB
caused the Sxl, but little Cyclin B, protein to accumulate
in the germ cell nuclei (Fig. 7D–F). As overexpression of
Hh with LMB treatment increases the nuclear levels of
both Sxl and Cyclin B in wild-type ovaries, we examined
the intracellular localization of both proteins in Sxl f4
ovaries after similar treatment. The mutant Sxl protein
accumulated in the nuclei, but surprisingly, Cyclin B
remained in the cytoplasm (Fig. 7G–I). Consistent with
this observation, ovaries doubly homozygous for Sxl f4
and Su(fu) treated with LMB showed nuclear accumula-
tion of Sxl f4 protein, but not Cyclin B (Fig. 7J–L). These
results suggest that, normally, Sxl affects the rate of
nuclear entry of Cyclin B. Interestingly, the mutations in
the Sxl fs alleles alter a region of the protein that is
proline-rich (Bopp et al., 1993). Proline-rich domains
have been described as being involved in protein–protein
interactions.
Sxl can enter the nucleus without the concomitant
entry of Cyclin B. We examined cyclin B mutant ovaries
to test the assumption that Sxl does not require Cyclin B
for nuclear exiting. A null mutation for cyclin B derived
from the imprecise excision of a P-element in the 5 UTR
(cycB3) is not lethal except when combined with other
cell cycle regulators (Knoblich and Lehner, 1993). The
cycB3 mutation results in female sterility with many aga-
metic ovarioles (not shown). When germ cells were
present, the localization of Sxl was primarily cytoplas-
mic. Treatment with LMB showed that Sxl was able to
enter the nucleus at levels comparable to those observed
in wild-type ovaries (not shown). These results suggest
that Sxl does not require Cyclin B for nuclear exiting.
Otherwise, Sxl would be primarily nuclear in the absence
of Cyclin B.
Discussion
In this paper, we report the identification of ODC anti-
zyme or guf as a target of Sxl in early germ cells. Our data
suggest that guf is necessary for germ cell survival. We also
find that guf expression in ovaries is dynamic and changes
considerably as the germ cells mature. At specific stages of
egg chamber development, guf RNA accumulates in the
oocyte suggesting a role in oocyte development.
Antizyme may have a general role in gamete develop-
ment. Regulating polyamine levels is critical to the fertility
of mammals as well as Caenorhabditis elegans (Halmekyto
et al., 1991; MacRae et al., 1998). The identification of a
stage-specific mouse spermatogenesis Antizyme, Anti-
zyme-3 (Ivanov et al., 2000; Tosaka et al., 2000), is con-
sistent with such a view.
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Is guf a target of Sxl?
guf RNA was isolated in a screen designed to detect
RNAs that Sxl protein binds to in early germ cells. Although
we do not detect any sex-specific guf transcripts, we find
that Sxl binds to both the spliced and unspliced forms of the
message in both the soma and germline. RT-PCR analysis
of the various guf RNAs suggests that Sxl does not regulate
the alternative splicing of guf RNA in a global manner.
Regulation may only occur in a subset of cells. This may be
due to the general requirement of guf activity in both sexes.
In specific cell types, such as the early germ cells, appro-
priate cofactor(s) might be expressed and allow Sxl to affect
guf RNA.
We propose that one function of Sxl in early germ cells
is to keep the levels of guf RNA low. In Sxl fs mutant
backgrounds, the germ cells at the anterior end of the ger-
marium show upregulated expression of guf relative to wild-
type. Indeed, removing one copy of guf, which should
reduce the levels of guf RNA, rescued the female sterile
phenotype of two Sxl fs alleles. This genetic interaction
supports the idea that Sxl normally functions to negatively
regulate guf. Sxl may downregulate the levels of guf RNA
by binding to the introns so preventing their splicing (Fig.
8), a function Sxl performs on msl-2 transcripts. RNA mol-
ecules that retain large introns frequently fail to be trans-
ported into the cytoplasm and are degraded. Competition
between pre-mRNA splicing and degradation has in fact
been proposed to be a mechanism for regulating gene ex-
pression (Bousquet-Antonelli et al., 2000).
Alternatively, and not mutually exclusive, Sxl may
alter guf transcription by changing the intracellular poly-
amine concentration. Polyamines have been implicated in
transcription regulation (Nillson et al., 1997), so inhibit-
ing Guf translation (Fig. 8) as Sxl does to its own
(Yanowitz et al., 1999) as well as msl-2 mRNA, could
result in an increase in intracellular polyamines and the
transcriptional downregulation of guf. Inhibiting Guf
translation could also destabilize the message so lower-
ing the levels of guf RNA.
Guf affects Sxl expression
Guf is not only a target of Sxl, but it also appears to
affect the degradation and nuclear translocation of Sxl. Sxl
binds to and presumably regulates guf mRNA, whereas Guf
appears to promote the nuclear entry of Sxl. The net out-
come of this regulatory loop would influence both the levels
of Guf and Sxl, as well as the nuclear localization of Sxl.
Such feedback regulation would establish a given steady
state level of the two genes, potentially making each sensi-
tive to the expression of the other. This could explain why
halving the dose of guf has such an impact on the pheno-
types we have scored.
Link between Sxl and mitosis
The connection of Guf with Sxl also provides a potential
link between Sxl and mitosis. It has been demonstrated in
vertebrate cells that both ODC and polyamine levels un-
dergo changes that coincide with cell cycle transitions (Bet-
tuzzi et al., 1999) and that depletion of polyamines results in
a cell cycle arrest (Kramer et al., 1999; Scorcioni et al.,
2001). The polyamine synthetic pathway has also been
shown to regulate Cyclin B mRNA levels in vertebrate cells.
When ODC is inhibited, cyclin B mRNA levels increase
(Thomas and Thomas, 1994).
More directly, we have shown that Guf affects the nu-
clear localization of Cyclin B, as it does of Sxl. In addition,
our data show that the nuclear entry of Cyclin B depends on
Sxl. Typically, Cyclin B regulates cell cycle transitions, but
this does not appear to be the case in germ cells. Unlike
Cyclin A, whose levels change with the cell cycle, Cyclin B
levels remain constant in early germ cells. Additionally,
Cyclin A associates with the fusome during the G2 phase of
the cell cycle, while Cyclin B does not (Lilly et al., 2000).
This suggests that Cyclin A and Cyclin B regulate early
germ cell mitosis by different mechanisms.
Overexpression of Cyclin B (or Cyclin A) results in only
one extra round of cystocyte divisions to produce a 32-cell
cyst, and it has been proposed that Cyclin B (and Cyclin A)
regulates specialized cystocyte divisions (Lilly et al., 2000).
Cyclin B is downregulated at approximately the 2-cell cyst
stage (the same as Sxl) and is not detected again until the
16-cell stage. This timing may reflect a specific requirement
for Cyclin B in one of the 4 mitoses that generate the 16-cell
cyst. The dependence of Cyclin B nuclear entry on Sxl
suggests how Sxl might regulate germ cell mitosis.
Guf appears to act downstream of Hh to regulate Sxl and
cyclin B
The genetic data suggest that the effect of Guf on Sxl
and Cyclin B is downstream of the Hh signal. In early
germ cells, Sxl is in a complex with the cytoplasmic
components of the Hh signaling pathway (Vied and
Horabin, 2001). While our data do not provide evidence
to the point of action, it is suggestive that Guf promotes
the disassembly of this complex with Sxl. Given that
Antizyme (Guf) binds directly to the vertebrate ODC and
Smad1 proteins and targets them to the proteasome (re-
viewed by Coffino, 2001; Gruendler et al., 2001), it is
tempting to speculate that the disassembly of the Hh
cytoplasmic components involves targeting of one or
more of the components to the proteasome. Additionally,
it has been demonstrated that the inhibitory cytoplasmic
NF-B complex can be dissociated by changes in poly-
amine levels. Inhibiting ODC and thus depleting poly-
amine levels, a condition equivalent to Antizyme over-
expression, leads to the proteolysis of I-B. NF-B
dissociates from the cytoplasmic complex and enters the
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nucleus where it affects transcription (Pfeffer et al.,
2001). These effects are analogous to the role we propose
for Guf in dissociating the components of the Hh cyto-
plasmic complex.
In its effects on Sxl, guf appears to act downstream of Hh
and upstream of the cytoplasmic components. If guf func-
tions downstream of Hh, it does not appear to do so in all
Hh-regulated ovarian processes. This is exemplified by the
lack of an effect on the turnover of the fusome. Also, guf
does not affect the known role of Hh in regulating follicle
cell proliferation (Forbes et al., 1996; data not shown).
Finally, a connection between Cyclin B and the Hh
signaling pathway has been previously described, but in a
different context. Patched 1 (Ptc 1), which is one of two Ptc
proteins in mammals, was shown to directly interact with
Cyclin B, inhibiting its nuclear translocation until cells were
exposed to the Hh signal (Barnes et al., 2001). Whether Ptc
directly interacts with Cyclin B in Drosophila remains to be
Fig. 7. Sxl regulates the levels and intracellular localization of Cyclin B. All germaria stained for Cyclin B (red) and Sxl (green). Early germ cells are
positioned to the left. (A–C) snf 1621/snf 1621 ovariole showing Sxl is expressed in the follicle cells (arrow) but not germ cells. Cyclin B levels are also greatly
reduced in the germ cells (compare with the follicle cells). (D–F) Sxl f4/Sxl f4 germarium treated with LMB. Sxl is in the nucleus at a level comparable to
wild-type ovaries treated with LMB (compare with Fig. 5B). Cyclin B levels are also low in the nucleus. (G–I) Overexpression of Hh in a Sxl f4/Sxl f4 ovariole
treated with LMB increases the levels of Sxl in the nucleus as compared with Sxl f4/Sxl f4 without Hh overexpression. Cyclin B nuclear levels, however, do
not increase. (J–L) Homozygous Sxl f4; Su(fu) germarium treated with LMB. Unlike Sxl, Cyclin B nuclear levels do not increase. All images were taken with
a 63 objective.
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determined. Our results provide an intriguing parallel link-
ing the Hh signal and Guf to the nuclear translocation of Sxl
and Cyclin B.
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